Federal regulation requires energy companies and government entities to utilize alternative fuels in their vehicle fleets. To meet this need, several automobile manufacturers are producing compressed natural gas (CNG)-fueled vehicles. In addition, several converters are modifying gasoline-fueled vehicles to operate on both gasoline and CNG (Bifuel). Because of the availability of CNG vehicles, many energy company and government fleets have adopted CNG as their principle alternative fuel for transportation. Meanwhile, recent research has shown that blending hydrogen with CNG (HCNG) can reduce emissions from CNG vehicles. However, blending hydrogen with CNG (and performing no other vehicle modifications) reduces engine power output, due to the lower volumetric energy density of hydrogen in relation to CNG. Arizona Public Service (APS) and the U.S. Department of Energy's Advanced Vehicle Testing Activity (DOE AVTA) identified the need to determine the magnitude of these effects and their impact on the viability of using HCNG in existing CNG vehicles.
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Test Program
Federal regulation requires energy companies and government entities to utilize alternative fuels in their vehicle fleets. As a result, several automobile manufacturers are producing compressed natural gas (CNG)-fueled vehicles. In addition, several converters are modifying gasoline-fueled vehicles to operate on both gasoline and CNG (Bifuel). Because of the availability of CNG vehicles, many energy company and government fleets have adopted CNG as their principle alternative fuel for transportation. Meanwhile, recent research has shown that blending hydrogen with CNG (HCNG) can reduce emissions from CNG vehicles. However, blending hydrogen with CNG (and performing no other vehicle modifications) reduces engine power output, due to the lower volumetric energy density of hydrogen in relation to CNG. Arizona Public Service (APS) and the U.S. Department of Energy's (DOE's) Advanced Vehicle Testing Activity (AVTA) identified the need to determine the magnitude of these effects and their impact on the viability of using HCNG in existing CNG vehicles.
To perform this evaluation, a work plan was designed to test the acceleration, range, and exhaust emissions of a Ford F-150 pickup truck (Figure 1 
Test Vehicle
The test vehicle is a model year 2000, F-150 regular cab pickup truck equipped with a factory CNG engine (Table 1) 
Emission Test Procedures
During the previous fleet testing (Task 4.6) of the Ford F-150, emissions from the test vehicle were periodically measured. Two different emission test procedures were performed on the vehicle, the IM240 and the FTP-75.
IM240
The Inspection and Maintenance Driving Cycle (IM240) test is used by several states for emissions testing of light duty vehicles. The test consists of a single phase, which spans 240 seconds and 1.96 miles of travel; it reaches a top speed of 56.7 mph, at an average speed of 29.4 mph. The test fails to account for cold starts, when automobile emissions are typically the highest.
FTP-75
The Federal Test Procedure (FTP-75) is a more thorough emissions test than the IM240. The test consists of three phases, which span 1,874 seconds and 11.04 miles of travel, at an average speed of 21.2 mph. The three phases are cold start, transient, and hot start that occurs 10 minutes after completion of the transient phase.
Emissions tests performed under the current work program were conducted using the FTP-75 test cycle at the Automotive Testing Laboratories, Inc. (ATL) facilities, located in Mesa, Arizona. ATL is certified by the State of Arizona to conduct the Federal Test Procedure.
California emission standards are used in this report as a reference point for vehicle emissions. Currently, Low-Emission Vehicles I (LEV I) emission standards are in effect. However, a more stringent set of emission standards, LEV II, will come into effect in 2004. The California LEV II emission standards categorize emissions into the following groups: low-emission vehicles (LEVs), ultra lowemission vehicles (ULEVs), and super ultra low-emission vehicles (SULEVs). The standards are based on weight class and emissions are measured over the FTP-75 test. The F-150 test vehicle used for this work program is classified by California emission standards as an MDV3.
c Some of the California emission standards for the MDV3 class are shown in Table 2 . 
Acceleration and Range Test Procedures
Hydrogen internal combustion engine (ICE) test procedures were developed to conduct acceleration and range testing of the F-150 test vehicle, fueled using 100% CNG and blends of 15 and 30% HCNG. The acceleration test procedure (Attachment 1) requires that the vehicle be accelerated from rest to a speed of 100 mph, and speed versus time data are collected. The hydrogen ICE range test procedure (Attachment 2) requires that the vehicle be operated at a constant speed of 45 mph, and distance versus time data are collected.
c MDV = medium duty vehicle; MDV3 is the class of MDVs with a test weight between 5751 and 8500 lb. Test weight by the California definition is analogous to the federal definition of adjusted loaded vehicle weight (ALVW); Test weight = (curb weight + GVWR)/2.
CONDUCT OF TESTING
Emissions Testing
Emissions from the F-150 were measured at ATL using both FTP-75 and IM240 test cycles during the June 2001 through September 2002 vehicle fleet testing (Task 4.6). During this test, the F-150 was fueled exclusively with a blend of 30% HCNG. The vehicle was tested several times to validate the results. As Table 3 shows, carbon monoxide emissions from the low percentage blend F-150 averaged 0.26 gram/mile over the FTP-75 tests, well under the California SULEV standard of 1 gram/mile. Nitrogen oxide emissions averaged 0.078 gram/mile, near the California ULEV standard of 0.07. However, the first NO x testing result (0.063) was under the 0.07 standard, which is based on emissions when a vehicle is new. Non-methane organic gases (NMOG) were not measured.
To provide an additional point of reference for F-150 emissions test results, emissions testing of a randomly selected Ford F-150 equipped with a factory gasoline engine was also conducted at ATL (Table 4) . Table 5 illustrates the emissions comparison between the average emissions of the F-150 during fleet testing at 30% HCNG (Table 3 ) and the random gasoline-fueled F-150 (Table 4) . Reductions were achieved for all emission species except for methane, which is typical of vehicles operating on CNG. The baseline of data obtained from the previous F-150 emissions testing during the fleet testing (Tables 3 and 4) was supplemented in the current work program by conducting additional FTP-75 emissions testing for the F-150 test vehicle using fuels of 100% CNG, 15 and 30% HCNG (Table 6 ). Each time fuel was changed in the test vehicle, it was driven at least 100 miles using the new fuel to allow the engine management computer to make any automatic adjustments necessary to optimize use of the new fuel. The FTP-75 test cycle emissions testing was conducted by ATL using the procedures certified by the State of Arizona. 
Acceleration Testing
Acceleration testing of the F-150 was conducted at DaimlerChrysler's Arizona Proving Grounds (APG) in accordance with the Hydrogen ICE (Internal Combustion Engine) Vehicle Acceleration Test Procedures (Attachment 1), for fuels of 100% CNG, and blends of 15 and 30% HCNG. Tests were performed using a 2.4-mile-long straight track at the APG. For each of the three blends of fuel, two sets of acceleration runs were conducted. Each set consisted of one acceleration run in each direction (east and west) on the straight track. Data sheets from these tests (12 runs total) are presented in Attachment 3. Results of acceleration testing conducted with the F-150 test vehicle are presented as speed versus distance in Figures 3, 4 , and 5 and speed versus time in Figures 6, 7 , and 8 for each fuel type. Table 7 presents the times to accelerate to 60 mph for each fuel type. 
Range and Fuel Economy Testing
The range of the F-150 test vehicle was also tested at the APG (Figure 9 ), in accordance with the Hydrogen ICE Vehicle Constant Speed Fuel Economy Tests Procedures presented in Attachment 2, for 100% CNG and blends of 15 and 30% HCNG. Tests were performed at a constant speed of 45 mph, using the 4.2-mile-long high-speed oval track at the APG. The vehicle was driven 60 miles on each fuel and the amount of fuel used was determined through the mathematical relationship between pressure, temperature, and mass for a perfect gas. From these calculations, the fuel economy in gasoline gallon equivalents (gge) was determined (see Table 8 ). Using the fuel economy and the capacity of the fuel tanks (85 liters) filled to 3,600 psig, the range of the F-150 test vehicle for each type of fuel was calculated, as shown in Table 8 . Data sheets from these tests are presented in Attachment 4. Speed versus time testing graphs are presented in Figures 10, 11 , and 12 for each fuel type. Speed was controlled manually by the driver, as the vehicle was not equipped with cruise control. Spikes in vehicle speed are the result of data acquisition system noise; they do not represent actual speed deviations. 
TEST RESULTS
Emissions Testing Results
Exhaust emissions using 100% CNG, and 15 and 30% HCNG (Table 6 ) showed significant emission reductions over gasoline (Table 4) in NMHC, CO, NO X, and CO 2 . However, CH 4 and HC increased with the introduction of the methane-based CNG. Percentage changes are shown in Table 9 . Attachment 5 summarizes the test results from Automotive Testing Laboratories. Much of the reductions in CO, NO X, and CO 2 emissions are achieved by switching from gasoline to CNG. Additional CO reductions are achieved with higher percentage blends of hydrogen in CNG. However, NO X increases with the higher-percentage blends. Note that the NO X levels measured in the current work program are significantly higher than those measured during the fleet operation of the F-150 test vehicle using a 30% blend of hydrogen in CNG. The fleet testing was conducted with between 1,500 and 4,000 miles on the vehicle. Testing in the current work program was conducted with the vehicle use near 30,000 miles. Aging of the catalytic converter was probably the cause of the increased NO X emissions.
Based on these results, it is apparent that reductions in CO and CO 2 emissions can be achieved by blending hydrogen with CNG for use in CNG fleets. These emission reductions come at some cost in terms of increased CH 4 and HC emissions and reduced vehicle acceleration and range. However, even at 15% HCNG, the performance reductions do not have a significant impact on vehicle drivability and offer an additional 10% decrease in CO and CO 2 emissions.
Acceleration Testing Results
As expected, the performance (in terms of acceleration [Figures 12 and 13] and range) of the F-150 test vehicle degrades with increasing amounts of hydrogen in the fuel. However, much of the performance loss results from the initial switch from a liquid fuel (gasoline) to a gaseous fuel (CNG), as shown in Table 10 . The degradation in acceleration resulting from use of hydrogen in the fuel does not have a significant impact on the drivability until blends approaching 30% hydrogen are used. At a blend of 15% HCNG, the F-150 test vehicle acceleration was within 10% of that with the vehicle operating on 100% CNG (Table 10) . Degradation of acceleration can be remedied by either increasing the amount of fuel and air entering the engine cylinders, or by directly injecting hydrogen into the cylinder to avoid the displacement of air by the hydrogen fuel. However, this requires additional vehicle modifications, which does not appear to be economically practical for introducing blended fuel into existing CNG fleets.
Range and Fuel Economy Test Results
As shown in Table 11 , degradation of vehicle range was significant with the 30% HCNG fuel. The decrease is based on the lower energy content of hydrogen when compared to CNG on a volumetric basis. The decrease in range between 100% CNG and 30% HCNG would require a 16.4 % increase in onboard fuel storage to maintain vehicle range similar to that achievable with 100% CNG. In the case of the F-150 test vehicle, this would require the addition of a 14-liter fuel tank. With a fuel of 15% HCNG, the range degradation was less than 10%, which should have a negligible impact on vehicle utility in fleet operation. Note that no significant change in efficiency (within the accuracy of the test methods) was noted for the fuels tested. Fuel economy for the constant speed of 45 mph range test was 23.3 mile/gge for 100% CNG, 22.6 mile/gge for 15% HCNG, and 23.5 mile/gge for 30% HCNG.
